Aims/hypothesis. The aim of this study was to investigate insulin signalling pathways directly in vivo in skeletal muscle and thoracic aorta from obese middleaged (12-month-old) rats, which have insulin resistance but not cardiovascular disease, and from spontaneously hypertensive rats (SHR), an experimental model of insulin resistance and cardiovascular disease. Methods. We have used in vivo insulin infusion, followed by tissue extraction, immunoprecipitation and immunoblotting.
Introduction
Insulin regulates many vascular functions under physiological conditions. Biological actions of insulin in vascular cells include increases in amino acid transport, glycogen synthesis, DNA synthesis and gene expression [1, 2] . It also has specific vascular actions, such as enhancing the release of nitric oxide (NO) [3] , regulating mRNA expression of matrix proteins [4, 5] , and constitutive endothelial NO synthase (eNOS) [6, 7] . Physiologically, insulin infusion stimulates local vasodilation by enhancing the action of NO [8, 9] .
Normal endothelial production of NO plays an important role in preventing vascular disease. In addition to its function as an endogenous vasodilator, NO released from endothelial cells is a potent inhibitor of platelet aggregation and adhesion to the vascular wall and also controls the expression of proteins involved in atherogenesis [10] .
In vascular cells, insulin actions are initiated through binding to the insulin receptor alfa subunit, which activates the intrinsic receptor tyrosine kinase [11] , resulting in autophosphorylation of insulin receptor beta subunit (IRβ) and tyrosine phosphorylation of intracellular adapter proteins such as insulin receptor substrates (IRS-1 and IRS-2) [12, 13] and Shc [14] . Tyrosine-phosporylated IRS-1 or IRS-2 binds to srchomology 2 (SH2) domains of intracellular proteins, including the p85 regulatory subunit of phosphatidylinositol (PI) 3-kinase [15] . The interaction of IRS and p85 subunit of PI 3-kinase results in the activation of p110 catalytic subunit of PI 3-kinase. In the vasculature, the activation of PI 3-kinase increases serine phosphorylation of Akt which, in turn, directly phosphorylates eNOS on serine 1177 and activates the enzyme, leading to increased NO production [16, 17] .
It has been proposed that some of the actions of insulin in the vasculature, such as the stimulatory effects on NO production, are selectively inhibited in the obese Zucker rats, which present insulin resistance and hypertension. However, other animal models of insulin resistance have normal blood pressure and no cardiovascular disease.
We have characterized insulin signalling pathways directly in vivo in skeletal muscle and thoracic aortae from two animal models of insulin resistance: the obese middle-aged Wistar rats, which do not present vascular dysfunction, and the spontaneously hypertensive rats (SHR), an animal model of insulin resistance with profound vascular dysfunction on the basis of hypertension in the absence of lipid disorders.
Materials and methods
Experimental animals. Male Wistar rats were obtained from the UNICAMP Central Animal Breeding Center (Campinas, Sao Paulo, Brazil) and divided into two groups by age (2 and 12 months old) with body weights of 137±2.4 and 432.6±2.7 g, respectively. Twenty-week-old male SHR were compared to the age-matched normotensive, insulin-sensitive Wistar-Kyoto (WKY) strain. Animals were allowed free access to standard rodent chow and water ad libitum. Food was withdrawn 12 h before the experiments. All experiments involving animals were approved by the ethics committee at the University of Campinas.
Blood samples were taken for measuring plasma concentration of total cholesterol and triglycerides. Lipids were measured in a routine diagnostic analyser (Modular, Roche Diagnostics) using enzymatic colorimetric assays (cholesterol, CHOD-PAP assay; triglycerides, GPO-PAP assay). Plasma glucose concentrations were measured by the glucose oxidase method, as described previously [18] . Serum insulin was determined by radioimmunoassay [19] .
Antibodies and Chemicals. The reagents and apparatus for SDS-PAGE and immunoblotting were obtained from Bio-Rad (Richmond, Calif., USA). TRIS, phenylmethylsulfonylfluoride (PMSF), aprotinin, dithiothreitol, Triton X-100, Tween-20 and glycerol were obtained from Sigma Chemical (St. Louis, Mo., USA). Human recombinant insulin (Humulin R) and sodium amobarbital were purchased from Eli Lilly (Indianapolis, Ind., USA). [ 125 I]Protein A was obtained from Amersham (Aylesbury, UK), and protein A-Sepharose 6 MB was obtained from Pharmacia Biotech (Uppsala, Sweden). Nitrocellulose (BA85; 0.2 µm) was purchased from Schleicher & Schuell, (Keene, N.H., USA). Molecular weight, M r standards were myosin (194 kDa), β-galactosidade (116 kDa), BSA (85 kDa) and ovalbumin (49.5 kDa).
Monoclonal antiphosphotyrosine (αPY) and anti-PI 3-kinase (p85) antibodies were obtained from Upstate Biotechnology (UBI -Lake Placid, N.Y., USA). Polyclonal antibodies against beta subunit of insulin receptor (C-19, sc-711), IRS-1 (C-20, sc-559), IRS-2 (A-19, sc-1556), eNOS (NOS3, C-20, sc-654), phospho-eNOS (Ser 1177, sc-12972), Akt1 (C-20, sc-1618), Shc (C-20, sc-288: specific for Shc p46, p52 and p66) and ERK1 (C-16, sc-93: reactive with ERK1 p44 and, to a lesser extent, ERK2 p42), as well as the monoclonal antibody against phospho-ERK (Tyr 204, E-4, sc-7383) were purchased from Santa Cruz Biotechnology (Santa Cruz, Calif., USA). Polyclonal antibodies against phospho-Akt (Ser 473) were obtained from New England Biolabs (Beverly, Mass., USA).
Buffers. Buffer A consisted of 100 mmol/l TRIS, 1% sodium dodecyl sulphate (SDS), 50 mmol/l HEPES (pH 7.4), 100 mmol/l sodium pyrophosphate, 100 mmol/l sodium fluoride, 10 mmol/l EDTA and 10 mmol/l sodium vanadate. Buffer B was similar to buffer A except that 1% Triton X-100 replaced 1% SDS and 2 mmol/l phenylmethylsulphonic fluoride (PMSF) and 0.1 mg/ml aprotinin were added. Buffer C contained 100 mmol/l TRIS, 10 mmol/l sodium vanadate, 10 mmol/l EDTA and 1% Triton X-100.
Immunoprecipitation and Western immunoblotting. Rats were anaesthetized by intraperitoneal injection of sodium amobarbital (100 mg/kg body weight) and the experiments were done after the loss of corneal and pedal reflexes. The abdominal cavity was opened, the cava vein was exposed, and 0.5 ml of normal saline (0.9% NaCl) with or without 10 −5 mol/l of insulin was injected. Thoracic aorta and hind limb skeletal muscle were isolated after 60, 90 or 180 s (according to the protein studied), frozen with liquid N 2 , powdered with a glass Dounce homogenizer on ice for at least 80 strokes and immediately homogenized in freshly prepared, boiling buffer A when intended for immunoblots, or freshly prepared, ice-cold buffer B when intended for immunoprecipitation. The extracts were centrifuged at 30 000×g and 4°C in a Beckman Coulter 70.1 Ti rotor (Palo Alto, Calif., USA) for 45 min to remove insoluble material. Protein concentration in the supernatants was determined by the Bradford method [20] .
For immunoprecipitations, samples containing 3 mg of total protein were incubated with antibodies against IRβ (0.3 mg/ml), IRS-1 (1:1000 dilution), IRS-2 (1:1000), Shc (1:1000) or eNOS (1:500) at 4°C overnight, followed by the addition of Protein A Sepharose 6 MB for 1 h. The pellets were repeatedly washed in buffer C (five times), resuspended in 50 ml of Laemmli sample buffer [21] , and boiled for 5 min before loading onto the gel. For immunoblotting, similar sized aliquots (200 mg of total protein) were suspended in 50 ml of Laemmli sample buffer containing 100 mmol/l dithiothreitol and boiled for 5 min before loading onto a 8% SDS-polyacrylamide gel electrophoresis (SDS-PAGE) system in a miniature slab gel apparatus from Bio-Rad.
Electrotransfer of proteins from the gel to nitrocellulose was carried out for 2 h at 120 V (constant) in a Bio-Rad miniature transfer apparatus (Mini-Protean) as described previously [22] except for adding the 0.02% of SDS to the transfer buffer to enhance the elution of high molecular mass proteins. Non specific protein binding to the nitrocellulose was reduced by preincubating the filter overnight at 4°C in blocking buffer (5% non-fat dry milk, 10 mmol/l TRIS, 150 mmol/l NaCl, and 0.02% Tween-20). The nitrocellulose blot was then incubated with the following antibodies: antiphosphotyrosine (1 mg/ml), anti-p85 subunit of PI 3-kinase (1:500), anti-insulin receptor (1:100), anti-IRS-1 (1:100), anti-IRS-2 (1:100), anti-Shc (1:1000), anti-ERK1/2 (p44/42 MAP kinase, 1:1000), antityrosine-phosphorylated ERK1/2 (1:1000), anti-Akt1 (1:1000), anti-phospho-(ser-473)-Akt (1:1000), anti-eNOS (1:1000) and anti-phospho-(ser-1177)-eNOS (1:1000), each one diluted in blocking buffer (0.3% BSA instead of non-fat dry milk) overnight at 4°C, and then washed for 60 min with blocking buffer without milk. The blots were subsequently incubated with 0. , and 16 min after injection. Rats were anaesthetized with sodium amobarbital as described above, 40 µl of blood was collected from their tails and blood glucose concentration was measured by the glucose oxidase method. Thereafter, the rate constant for plasma glucose disappearance (K itt ) was calculated using the formula 0.693/(t 1/2 ). The plasma glucose t 1/2 was calculated from the slope of the least squares analysis of the plasma glucose concentrations during the linear phase of decline [23] .
Blood pressure measurement. A tail-cuff system (MKIV, Narco BioSystems, Austin, Tex., USA) combining a transducer or amplifier which provides output signals proportional to cuff pressure and amplified Korotkoff sounds was used to obtain blood pressure measurements in conscious rats. This indirect approach permits repeated measurements with a close correlation (correlation coefficient =0.975) compared to direct intraarterial recording [24] .
Vascular tissue preparation for morphological analysis. Rats were heparinized, deeply anaesthetized with pentobarbital sodium and killed with a lethal dose of lidocaine. Aortae were fixed with 4% paraformaldehyde in 0.1 mol/l phosphate buffer, pH 7.4, dehydrated in alcohol and xylol and routinely paraffin embedded.
Step sections (5 µm) were stained with hematoxylin and eosin. At least five step sections of ascending, arch, thoracic and abdominal aorta were examined by light microscopy. Fragments were deparaffinized and routinely processed for electronmicroscopy. Ultrathin sections were stained with uranylacetate and lead citrate and examined with a ZEISS EM 10 electron microscope.
Statistical analysis. Experiments were always carried out by studying the groups of animals in parallel (2-month-old vs 12-month-old male Wistar rats and SHR vs age-matched WKY male rats). Data are means±SEM of absolute or percent values. For comparisons, unpaired Student's t test was used. The significance level was set at p value of less than 0.05.
Results
Animal characteristics. The 12-month-old rats were heavier than the control rats (2m: 137±12 g vs 12m: 432±13 g, p<0.0001) and had higher contents of fat mass in different sites (bilateral epididymal fat -2m: 2.89±0.31 g vs 12m: 4.01±0.22 g, n=10 each, p=0.0127; bilateral perirenal fat -2m: 2.17±0.05 g vs 12m: 2.77±0.03 g, n=10 each, p<0.0001; mesenteric fat -2m: 3.26±0.30 g vs 12m: 5.03±0.41 g, n=10 each, p=0.0026; Table 1 ). The lengths of 2-and 12-monthold rats were 20±2 cm and 24±1 cm (n=10 each, p=0.09), respectively. The 12-month-old rats had higher plasma concentrations of total cholesterol and triglycerides than the 2-month-old rats. Fasting blood glucose and systolic blood pressure were similar in the two groups. Older animals were more insulin resistant than the young control rats, as expressed by their higher serum insulin concentrations (2m: 25±4 vs 12m: 41±6, n=10 each, p<0.05) and lower plasma glucose disappearance rates measured by the fifteen minute insulin tolerance test (K itt 2m: 4.31±0.56%/min vs K itt 12m: 2.34±0.38%/min, n=10 each, p=0.004). Table 2 shows comparative data regarding SHR and WKY strains. As noticed, the SHR had a smaller body weight than the WKY rats (WKY: 369±10 g vs SHR: 315±8 g, p<0.0001). Consistent with previous Table 1 . Characteristics of obese middle-aged Wistar rats (12-month-old) and the young control rats (2-month-old)
Groups
Body weight
Data are given as means ± SEM. p values of less than 0.05 were considered to be significantly different. a p<0.0001 vs young controls; b p<0.05 vs young controls; c p<0.01 vs young controls studies, systolic blood pressure was higher in SHR compared to the WKY rats (WKY: 115±5 mmHg vs SHR: 175±5 mmHg, n=10 each, p<0.0001). There were no differences between plasma concentrations of total cholesterol and glucose when the rats from these two strains were compared. Plasma concentration of triglycerides were higher in SHR than in WKY. SHR animals were more insulin resistant than the agematched WKY as expressed by lower plasma glucose disappearance rates (K itt WKY: 4.79±0.62%/min vs K itt SHR: 1.89±0.39%/min, n=10 each, p<0.01) and higher, though not statistically significant, serum insulin concentrations.
Histological examination of aortae. In all step sections examined there were no signs of atherosclerotic changes, such as lipid and foam cell deposition, intimal thickening or SMC proliferation, neither on light microscopic examination (Fig. 1) nor on ultrastructural sections in aortae from the 12-month-old rats and the control rats.
Insulin signalling in skeletal muscle from 2-month-old and 12-month-old animals. There was no difference in insulin-stimulated tyrosine phosphorylation of insulin receptor beta subunit between muscles from 2-and 12-month-old rats (2m: 100±7% vs 12m: 100±4%, n=6; Fig. 2) , and the protein concentrations of IRβ also did not change in obese middle-aged rats (Fig. 2B ).
There was a greater decrease in insulin-stimulated IRS-1 tyrosine phosphorylation in muscles from obese, older rats than from the control rats (Fig. 2C , 2m: 100±5% vs 12m: 55±4%, n=6, p<0.0001). Also, IRS-1 protein concentrations were reduced in muscle from 12-month-old rats (2m: 100±9% vs 12m: 56±7%, n=6, p<0.05; Fig. 2D ).
The insulin-stimulated association between IRS-1 and the p85 regulatory subunit of PI 3-kinase was also diminished in skeletal muscle from the 12-month-old rats compared to the 2-month-old control rats (2m: 100±5% vs 12m: 30±7%, n=6, p<0.0001; Fig. 2E ).
Insulin was able to stimulate the serine phosphorylation of Akt in both groups of animals, but older animals showed a reduced concentration of Akt activation after insulin infusion (2m: 100±4% vs 12m: 41±3%, n=6, p<0.0001; Fig. 2F ). The blot, representative of six experiments, was obtained after incubating the membranes with anti-Akt antibodies (Fig. 2G) . There was no difference between the protein concentration of Akt in skeletal muscle from these two groups.
Insulin-stimulated Shc tyrosine phosphorylation in skeletal muscle from 12-month-old Wistar rats was not different from that observed in the 2-month-old group (Fig. 2H, n=6) , without any difference in Shc protein expression between the two groups of animals (Fig. 2I) .
Insulin was able to stimulate tyrosine phosphorylation of ERK1/2 equally in skeletal muscle from 2-and 482 H. G. Zecchin et al.: Insulin signalling pathways in aorta and muscle from two animal models 12-month-old Wistar rats (2m: 100±4% vs 12m: 102±3%, n=6; Fig. 2J ). When the immunoblotting was conducted with anti-ERK1/2 polyclonal antibodies (Fig. 2K ) the protein concentrations of ERK1/2 in muscle did not change with obesity and aging.
Insulin signalling in aorta from 2-month-old and 12-month-old animals. Insulin-stimulated IRβ tyrosine phosphorylation concentrations were similar in aortae from both young and middle-aged rats (representative of five different experiments, Fig. 3A) . To evaluate the tissue levels of the insulin receptor beta subunit, nitrocellulose membranes of IRβ immunoprecipitates were stripped and reblotted with antibodies against IRβ (Fig. 3B) . The tissue levels of IRβ did not change between the two groups. There was no difference in insulin-stimulated IRS-1 tyrosine phosphorylation in aortae from 2-and 12-month-old rats (2m: 100±4% vs 12m: 105±3%, n=6; Fig. 3C ). The same membranes were stripped and submitted to immunoblotting with anti-IRS-1 antibodies to evaluate the protein concentrations of IRS-1 in these tissues (Fig. 3D) . No statistically significant difference was found in IRS-1 protein concentrations in the aortae of young and middle-aged rats.
The insulin-stimulated association between IRS-1 and the p85 regulatory subunit of PI 3-kinase in aorta was investigated (Fig. 3E ). After stimulation with insulin, the association between IRS-1 and PI 3-kinase (p85) increased eightfold, with no difference between 2-and 12-month-old rats (2m: 100±5% vs 12m: 98±7%, n=6). We also evaluated the effects of obesity and aging on insulin-stimulated IRS-2 tyrosine phosphorylation, IRS-2 protein concentrations, as well as IRS-2 association with p85 regulatory subunit of PI 3-kinase by immunoprecipitation with antibodies against IRS-2 and immunoblotting with antiphosphotyrosine, anti-IRS-2 and anti-PI 3-kinase (p85) antibodies. After insulin injection, there were similar increases in IRS-2 phosphotyrosine contents between the two groups of animals (2 m: 100±5% vs 12m: 95±6%, n=6; Fig. 3F ). The tissue concentrations of IRS-2 were evaluated by immunoblotting with anti-IRS-2 antibodies, and showed no difference between the two groups of rats (Fig. 3G) . Next, we evaluated the insulin-stimulated IRS-2 association with p85 subunit of PI 3-kinase in aortae from these animals (Fig. 3H) . After insulin injection, p85 association to IRS-2 increased to 100±11% in 2-month-old rats and to 107±4% in 12-month-old rats (n=6 each, p=0.56), showing no significant difference between these two groups.
Basal concentrations of Akt serine phosphorylation in aorta were not different between the two groups of rats (2m: 53±10% vs 12m: 48±11%, n=10, p>0.05; Fig. 4A ). Insulin was able to increase Akt serine phosphorylation in both groups of rats in a similar manner (2m: 100±6% vs 12m: 96±5%, n=10, p>0.05). When these membranes were submitted to immunoblotting with anti-Akt antibodies, as shown in (Fig. 4B ) there was no difference between the two groups, indicating that vascular protein concentrations of Akt did not change with obesity and aging in Wistar male rats.
Akt is activated in response to insulin and so becomes capable of phosphorylating endothelial cell- nitric oxide synthase in serine 1177 and 1179, activating the production of nitric oxide. To evaluate the association between Akt and its downstream effector eNOS in the vascular tissue, both before and after insulin stimulation, we conducted experiments in which similar sized aliquots of thoracic aortae were immunoprecipitated with anti-Akt antibodies, resolved under reducing conditions in SDS-PAGE, electrically transferred to nitrocellulose membranes and incubated with antibodies against eNOS for immunoblotting. In the absence of stimulation with insulin, the association between Akt and eNOS in aorta is discrete, represented by faint bands, and was not different between young and middle-aged rats (2m: 52±4% vs 12m: 50±8%, n=6, p>0.5; Fig. 4C ). However, after stimulation with insulin, their association increased twofold, consistent with a stable association of Akt and eNOS, with no difference between 2-and 12-month-old rats (2m: 100±7% vs 12m: 104±3%, n=6, p>0.5).
Whole cell lysates obtained from thoracic aortae before or 3 min after insulin injection into the cava vein were resolved in SDS-PAGE, transferred to nitrocellulose membranes and incubated with anti-phospho-(serine-1177)-eNOS or anti-eNOS antibodies for immunoblotting. There was no difference in insulinstimulated serine phosphorylation of e-NOS in aortae from 2-and 12-month-old rats (2m: 100±3% vs 12m: 95±7%, n=6, p>0.5; Fig. 4D) . Also, the protein concentrations of e-NOS did not change between these two groups (Fig. 4E) .
Both before and after stimulation with insulin, Shc showed higher degrees of tyrosine phosphorylation in aortae from 12-month-old Wistar rats as compared to the 2-month-old animals (without insulin: 2m: 28±4% vs 12m: 56±4%, n=6, p<0.0001; with insulin: 2m: 100±4% vs 12m: 145±4%, n=6, p<0.0001; Fig. 4F ). This greater level of activation was accompanied by an increase in Shc protein concentrations in aortae from 12-month-old rats (2m: 100±8% vs 12m: 136±6%, n=6, p<0.05; Fig. 4G ).
Using monoclonal antibodies against Tyr-204 phosphorylated ERK1 and ERK2, the levels of ERK1/2 activation were examined in rat thoracic aortae in the basal state and after insulin stimulation in the in vivo experiments. Insulin was able to stimulate tyrosine phosphorylation of ERK1/2 differentially in aortae from 2-and 12-month-old Wistar rats (Fig. 4H) . Of note, 12-month-old rats showed increased basal tyrosine phosphorylation of ERK1/2, 2.2-fold higher than those found in young rats (2m: 50±5% vs 12m: 110±6%, n=12, p<0.0001). After insulin injection into the cava vein, tyrosine phosphorylation of ERK1/2 was two times higher in aortae from obese middleaged rats than in the control rats (2m: 100±8% vs 12m: 208±4%, n=12, p<0.0001). Next, whole tissue extracts obtained from aortae homogenates from young and middle-aged rats were resolved under reducing conditions in 10% SDS-PAGE, transferred to nitrocellulose membranes and incubated with polyclonal antibodies against ERK1/2 proteins to evaluate the tissue levels of these protein kinases. Obese middleaged rats demonstrated 2.1 times higher levels of ERK1/2 in aortae than the younger control rats (2m: 100±4% vs 12m: 210±8%, n=12, p<0.0001; Fig. 4I ).
Insulin signalling in skeletal muscle from SHR and WKY
Insulin-stimulated tyrosine phosphorylation of insulin receptor beta subunit was reduced in skeletal muscle from SHR, as compared to the control rats (WKY: 100±3% vs SHR: 47±8%, n=9, p<0.0001; Fig. 5A ). The protein concentrations of IRβ did not change in muscle samples obtained from SHR and WKY (Fig. 5B) . The insulin-stimulated IRS-1 tyrosine phosphorylation showed a decrease in skeletal muscle from SHR as compared to WKY (WKY: 100±6% vs SHR: 30±8%, n=9, p<0.0001; Fig. 5C ). IRS-1 protein concentrations suffered no changes in muscle from these two groups (Fig. 5D) . The insulin-stimulated association between IRS-1 and the p85 subunit of PI 3-kinase was also reduced in muscle from SHR as compared to WKY (WKY: 100±4% vs SHR: 26±8%, n=9, p<0.0001; Fig. 5E ).
Insulin was able to stimulate the serine phosphorylation of Akt in skeletal muscle from WKY and SHR groups of animals, but the latter showed reduced Akt activation after insulin infusion (WKY: 100±4% vs SHR: 60±6%, n=9, p<0.0001; Fig. 5F ). A parallel decrease in Akt protein expression in skeletal muscle from SHR in comparison to WKY strain was observed (WKY: 100±8% vs SHR: 62±4%, n=9, p<0.0001; Fig. 5G ).
Insulin-stimulated Shc tyrosine phosphorylation in skeletal muscle from SHR was not different from that observed in the WKY group (representative of six experiments, Fig. 5H ), with no difference in protein concentrations (Fig. 5I) .
Insulin infusion stimulated the tyrosine phosphorylation of ERK1/2 equally in skeletal muscle from WKY and SHR (WKY: 100±5% vs SHR: 97±4%, n=6; Fig. 5J) . The immunoblotting was then conducted with anti-ERK1/2 antibodies (Fig. 5K) to show that protein concentrations of ERK1/2 in muscle did not change between these two groups.
Insulin signalling in aorta from SHR and WKY Insulin-stimulated IRβ tyrosine phosphorylation concentrations were similar in aortae from both groups of animals (WKY: 100±6% vs SHR: 95±6%, n=9; Fig. 6A ). There was no difference in tissue levels of IRβ when the two groups were compared (Fig. 6B) .
There was a reduction in insulin-stimulated IRS-1 tyrosine phosphorylation in aortae from SHR when compared to WKY control rats (WKY: 100±6% vs SHR: 60±4%, n=9, p<0.0001; Fig. 6C ). However, no differences were found in IRS-1 protein concentrations in the aortae of WKY and SHR (Fig. 6D) .
After insulin injection, the association between IRS-1 and PI 3-kinase (p85) was decreased in aortae from SHR in comparison to WKY (WKY: 100±6% vs SHR: 48±4%, n=9, p<0.0001; Fig. 6E ).
The insulin-stimulated Akt serine phosphorylation was reduced in aortae from SHR when compared to WKY (WKY: 100±4% vs SHR: 62±3%, n=9, p<0.0001; Fig. 6F ). There was no difference between the Akt protein concentrations in aortae from these two strains (Fig. 6G) .
There was a reduction in insulin-stimulated serine phosphorylation of e-NOS in aortae from SHR compared to the control rats (WKY: 100±3% vs SHR: 53±6%, n=9, p<0.0001; Fig. 6H ). In addition, protein concentrations of the endothelial isoform of NOS were also reduced in aortae from SHR (WKY: 100±4% vs SHR: 33±7%, n=9, p<0.0001; Fig. 6I) .
The basal Shc tyrosine phosphorylation in aortae from SHR was higher than in the WKY control rats (WKY: 50±4% vs SHR: 73±4%, n=9, p<0.05; Fig. 7A ). The increase in Shc tyrosine phosphorylation in the vascular tissue after acute insulin infusion was greater in SHR when compared to the WKY group (WKY: 100±6% vs SHR: 140±6%, n=9, p<0.0001; Fig. 7A ). This increased level of Shc phosphorylation was accompanied by an increase in protein concentrations found in aortae from SHR (WKY: 100±3% vs SHR: 137±6%, n=9, p<0.0001; Fig. 7B ).
The levels of ERK1/2 activation were then examined in the vascular tissue both in the basal state and after acute insulin stimulation. Insulin was able to stimulate tyrosine phosphorylation of ERK1/2 differentially in aortae from SHR and WKY groups (Fig. 7C) . Basal tyrosine phosphorylation of these two isoforms of MAP kinase in aortae from SHR was higher than in the WKY control rats (WKY: 50±2% vs SHR: 121±3%, n=9, p<0.0001; Fig. 7C ). After insulin injection, there was also a greater increase in ERK1/2 tyrosine phosphorylation in aortae from SHR when compared to the WKY group (WKY: 100±1% vs SHR: 200±5%, n=9, p<0.0001; Fig. 7C ). To further analyse the protein concentrations of ERK1/2 in this tissue, membranes were submitted to immunoblot with anti-ERK1/2 antibodies. SHR showed 1.6 times higher levels of ERK1/2 in aortae than in the controls (WKY: 100±7% vs SHR: 167±3%, n=9, p<0.0001; Fig. 7D ).
Discussion
Reduced insulin sensitivity has been proposed as an important risk factor in the development of endothelial dysfunction and atherosclerosis and is also associated with hypertension [25] . Vascular diseases represent an important cause of the morbidity and mortality associated with diabetes and other insulin resistant states. A very large body of experimental work has sought to elucidate the cellular and molecular mechanisms that underlie this important pathophysiological process. We have characterized insulin signal transduction pathways in the vasculature of young (2-month-old) and obese middle-aged (12-month-old) Wistar male rats and also in SHR and in their normotensive, insulin-sensitive control strain, WKY. The 12-month-old rats are obese and have insulin resistance, normal fasting blood glucose, increased serum insulin and insulin resistance, characterized by a reduced glucose disappearance rate during the insulin tolerance test, but they develop neither hypertension nor atherosclerosis. In contrast, the SHR is a model characterized by hypertension and insulin resistance [26, 27] , and this alteration in insulin sensitivity was confirmed in our study by the reduced glucose disappearance rate during the ITT.
The molecular mechanism of insulin resistance in obese middle-aged animals is probably related to abnormalities in insulin signalling pathways in skeletal muscle. The PI 3-kinase/Akt pathway is severely impaired in skeletal muscle from these rats, with reductions in insulin-stimulated phosphorylation of IRS-1 and Akt, as well as IRS-1 protein concentrations and in the association between IRS-1/PI 3-kinase, as described previously [28] . Since activation of PI 3-kinase pathway by insulin is linked to metabolic functions such as glucose transport and glycogen and protein synthesis [29, 30, 31, 32] , alterations in insulin signalling pathways in muscle can contribute to the insulin resistance observed in these animals. In contrast, tyrosine phosphorylation of IRβ and IRS-1/2, insulinstimulated association between IRS-1/2 and PI 3-kinase, and serine phosphorylation of Akt and eNOS are preserved in their aortae. The molecular mechanism of this tissue-specific regulation of insulin signalling (reduced in muscle and preserved in aorta) in the obese insulin-resistant animals could be related to the expression of proteins involved in early steps of insulin action, to the level of serine phosphorylation of IRβ and IRSs and to the activity of phosphotyrosine phosphatases. On the other hand, in SHR there were reductions in IR/IRS-1/PI 3-K/Akt pathway in muscle and in IRS-1/PI 3-K/Akt/eNOS pathway in aorta, which could be involved in insulin resistance and could be one factor that can contribute to the endothelial dysfunction in these rats, respectively.
Recently, insulin signalling in vascular tissues has been emphasized. It has been shown that activation of PI 3-kinase pathway could be involved in insulin's stimulatory effect on NO release in cultured vascular endothelial cells [3] . This effect of insulin on NO could be responsible for insulin's vasodilatory actions and in some insulin-resistant states, the vasodilation induced by insulin could be blunted as a result of the inhibition of PI 3-kinase pathway [8, 9] . Furthermore, it has been shown that insulin-stimulated tyrosine phosphorylation of IRβ and IRS proteins and PI 3-kinase activation were selectively impaired in vascular tissues of insulin-resistant obese Zucker rats [33] . Also, it has been reported that insulin's vasodilatory effect could be partially due to increases in eNOS gene expression via PI 3-kinase pathway [6] . Accordingly, in vascular endothelial cell insulin receptor knockout mice there is a reduction in eNOS expression [34] suggesting that insulin resistance in vessels is accompanied by a reduction in this enzyme. From these reports and our results showing blunted insulin signalling through the IRS/PI 3-kinase/Akt/eNOS pathway associated with a reduction in eNOS expression in aortae from SHR, we can suggest that these alterations might contribute to the loss of insulin's effect on NO production, which could contribute to endothe-lial dysfunction and could also play a role in the hypertension presented by SHR. In contrast, the obese middle-aged rats could be protected from cardiovascular disease, even if confronted by severe insulin resistance, because PI 3-kinase/Akt/eNOS pathway was preserved in aorta.
In contrast to PI 3-kinase activation, much less is known about insulin's activation of ERK1/2 MAP kinase in insulin-resistant or diabetic conditions in vivo. Selective hyperexpression of insulin signalling on ERK1/2 MAP kinase pathway in the vascular tissues could be pathophysiologically important in the development of cardiovascular diseases. Pathway-selective insulin resistance could result in increased potentiation of VSMC proliferation and production of plasminogen activator inhibitor-1 (PAI-1) via the Ras/Raf/MEK/MAP kinase pathway [33] . Activation of the MAP kinase pathway by insulin is not reduced in Type 2 diabetes, perhaps allowing for some of the detrimental effects of chronic hyperinsulinemia on cellular growth in the vasculature [35] . The increased expression and activation of Shc and ERK1/2 in aortae from SHR could suggest a role of this pathway in vascular abnormalities of this rat. However, in the obese middle-aged rat model of insulin resistance, the increased activation and protein concentrations of MAP kinase in aorta were not associated with SMC proliferation, as shown by histological results, neither with hypertension nor atherosclerosis. This suggests that the isolated activation of this pathway, with preservation of the PI 3-kinase/Akt/eNOS pathway, might not be sufficient for the development of cardiovascular diseases in these rats.
In summary, this study shows that alterations in IRS/PI 3-kinase/Akt pathway in muscle from 12-month-old rats and SHR could have a role in the insulin resistance of these rats. The preservation of this pathway in aorta of 12-month-old rats could be one factor that contributes to explaining the absence of cardiovascular disease in this animal model. However, in aortae of SHR, the reduced insulin signalling through IRS/PI 3-kinase/Akt/eNOS pathway could contribute to the endothelial dysfunction of this rat.
